Introduction
============

Huntington's disease (HD) is a neurodegenerative genetic movement disorder mainly characterized by subcortical pathology involving the basal ganglia and the frontostriatal circuitry, with prominent cell loss and atrophy in the caudate and putamen ([@B70]). Testing positive for HD only indicates that someone carries the gene defect, does not equate to having the disease ([@B51]), as the test result does not inform about how and when the symptoms will start, nor about the current disease status ([@B20]). Individuals who carry the genetic mutation but who do not yet meet the criteria for an HD clinical diagnosis are considered to be in a premanifest HD phase. The conversion from a premanifest to a manifest HD stage is traditionally based on the onset of unequivocal motor symptoms. Nevertheless, cognitive, behavioral and neuroanatomical changes have been reported to occur before any clinically detectible motor signs ([@B5]; [@B61]; [@B62]; [@B54]; [@B60]).

Huntington's disease clinical presentation includes motor, behavioral and cognitive alterations that typically arise in middle adulthood, when family and career responsibilities are often greatest ([@B45]). Impairments in executive functions are frequent in HD affected individuals, even in premanifest or early manifest disease stages ([@B49]; [@B55]; [@B78]; [@B83]) and are thought to significantly influence their functional status and to be major contributors to everyday deficits, disability and loss of autonomy ([@B26]; [@B78]; [@B59]; [@B63]). The executive dysfunction associated with HD includes deficits in planning and multitasking, sequencing, set-shifting, attentional control, response inhibition and perseveration ([@B62]; [@B50]; [@B20]). These changes are thought to reflect HD brain sequelae, namely the disruption of the frontal-subcortical, and specifically, prefrontal-striatal circuitry, and the altered functioning of brain circuits that are important for organizing behavior, cognitive flexibility, the planning of an instrumental performance, response inhibition, attention, and temporal control over motor output ([@B61]; [@B7]; [@B54]; [@B58]). These executive deficits need to be properly acknowledged and assessed as they can have a considerable impact on the quality of life and daily functioning of HD affected individuals ([@B27]; [@B45]; [@B31]; [@B10]; [@B43]).

Executive functions can be defined as the "capacities that enable a person to engage successfully in independent, purposive, self-serving behavior" ([@B38]). These complex, higher-order abilities are needed to be able to adapt in a flexible manner to many daily life situations that require task conceptualization, planning, action and evaluation ([@B20]). As executive functioning requires so many integrated cognitive functions and supervisory processes, impairments in this domain tend to be supramodal and affect the expression of all aspects of behavior ([@B37]). To drive a car, pay bills, take the medication at the right time of the day, prepare a meal -- these are all examples of Instrumental Activities of Daily Living (IADL) that involve executive functions, and these are exactly the kind of activities that are reportedly impaired early in the course of HD ([@B10]; [@B91]), even when individuals show a relatively unimpaired performance in conventional executive tests or present average scores in functional measures such as the widely used Total Functional Capacity scale (TFC) ([@B69]). As [@B37] states, impairments in executive functions can compromise a person's capacity to maintain an independent and productive life no matter how well he can see and hear, walk, and talk, and perform tests. This seems to apply perfectly to the premanifest HD condition, where changes in day-to-day function are more likely to be experienced in tasks that require multiple cognitive, motor, and behavioral abilities ([@B91]), such as doing routine work, manage finances or drive safely ([@B10]), rather than in the performance of single and more abstract tests.

In fact, the subtle changes in behavior and cognition observed in individuals who do not yet display disease-related motor alterations (premanifest HD stage) and early manifest HD individuals are often missed in highly structured examinations ([@B80], [@B77]; [@B59]), as traditional cognitive and functional measures seem insensitive to the initial changes in HD. Backing this idea, a thorough review of studies about cognition in HD by [@B20] found almost equal support for and against the presence of executive deficits in premanifest gene carriers, highlighting the need for further research. Moreover, in neuropsychology, few objective methods for assessing the functional impact of executive impairments are available, as traditional tests measure cognitive abilities in isolated and artificial situations, which bear little similarity to the situations that patients encounter in their daily life ([@B17]; [@B2]). These type of clinical tools are urgently needed to demonstrate daily life functional changes besides cognitive efficacy as evaluated by classical neuropsychological testing ([@B66]), so that the success of interventions can be progressively evaluated in terms of the effects they have on quality of life and functional independence, and not merely in terms of efficacy in reducing primary symptoms ([@B42]). Therefore, new, more ecological, and more sensitive assessment tools that are able to document the insidious onset of subtle executive alterations in the daily functioning of HD affected individuals and that are able to demonstrate changes in day-to-day function in HD, and specifically in premanifest HD, are urged ([@B19]).

To address these issues and understand the inconsistencies often found between the results obtained in formal examinations and the real-life complaints about the cognitive and functional status of premanifest and early manifest HD individuals, a new assessment tool was created at our Lab: EcoKitchen, a non-immersive virtual reality task consisting of preparing meals in a kitchen. EcoKitchen was based in two main premises: on the one hand, cooking is a good example of a real-world task that often draws heavily on executive functioning ([@B85]); on the other hand, different assessment and rehabilitation studies of clinical populations have successfully used kitchen settings to address functional and executive impairments ([@B8]; [@B95]; [@B18]; [@B11]; [@B25]; [@B2]; [@B67]). Notably, the EcoKitchen improves on the existing tools for several reasons: it is more portable and standardized than some of the methods that are done in real kitchens or involve manipulating props (e.g., [@B8]; [@B25]); outputs combine time and error measures, whereas some existing methods rely more heavily on only one dimension and omit valuable information about the changes in speed/accuracy trade-off often seen in clinical populations (e.g., [@B18]; [@B25]); focus more on the examinee and less on the examiner, having less observational bias and less external cues that can prompt action or improve action correctness ([@B95]; [@B67]); it informs about the impact of increasing executive load on the participants behavior, having different levels of complexity (e.g., [@B2]); has higher realism, as the virtual scenario created tried to include known food and beverage brands and more life-like stimuli than previous studies (e.g., [@B18]).

The inclusion of real-world scenarios and virtual reality tasks in clinical studies might provide a good mean to evidence the impact of executive impairment on the patients' life ([@B1]; [@B24]) -- delivering sensitive measures of everyday function and a valid testing ground to assess the impact of executive deficits in daily-life ([@B42]; [@B57]; [@B24]). Few studies have used or developed performance-based tools to assess everyday functioning in HD. [@B46] used the "Memory for Intentions Screening Test" as a standardized performance-based measure of prospective memory in HD and [@B68] used the "Advanced Finances Test" as a performance-based measure of the participants' ability to manage finances. Both studies were done in semi-naturalistic settings (real materials and props handled in a laboratory) and resorted to observational methods to infer about the mild-moderate HD patients' performance level. In our view, the EcoKitchen has the potential to increase the objectivity and sensitivity of HD executive and functional assessments such as the ones mentioned for several reasons: it proposes a more refined definition of the executive sub-domains being evaluated; makes a clearer link to conventional executive and functional tools often used in HD clinical practice; evaluates the impact of different executive loads over individual performance as it manipulates the task executive demands; it provides quantitative data about the performance time and accuracy of the examinee.

EcoKitchen was designed to evaluate planning, multi-tasking, set-shifting, cognitive flexibility, self-monitoring, sequencing, divided attention, and scanning skills. As [@B20] stated, it is often very difficult to pinpoint just one specific executive function that is responsible for the correct performance of a task. Moreover, as [@B18] indicate, the choice of a real-life task means that the specificity of measurement of individual cognitive functions is limited, as there are no unitary constructs involved in daily-life performance -- we think that the same principle might apply to computer-simulated tasks. Consequently, each one of the parameters considered in the EcoKitchen performance analysis can be associated not with one executive function but rather with a sub-set of executive domains. This association is further detailed in the "Materials and Methods" section.

To our knowledge, this is the first study where a virtual reality task was created specifically for the assessment of functional deficits related to executive impairments in HD patients, particularly in premanifest HD individuals. Thus, this work was essentially planned as an exploratory feasibility study, aimed at checking if EcoKitchen was well-tolerated by the clinical groups and if it was able to differentiate healthy participants from HD affected individuals, particularly premanifest HD participants. Furthermore, this study aimed to identify which variables computed from the EcoKitchen task might be more sensitive to the earliest disease-related cognitive and functional alterations and, thus, withhold the potential to be used in clinical, research and rehabilitation settings in the future.

We tested the executive function of HD, HP and healthy Controls using the newly developed EcoKitchen tool and compared the results with other executive and functional measures in a wider assessment protocol that included a subjective (self-report) functional measure -- "The Adults and Older Adults Functional Assessment Inventory (IAFAI)" ([@B76]), a more ecological executive test battery -- the "Behavioural Assessment of Dysexecutive Syndrome (BADS)" ([@B93]), and a conventional neuropsychological test battery. The "IAFAI" ([@B76]) was used as a subjective (self-report) verbal functional measure, since it was considered to be more accurate and broad than other subjective functional assessments, namely the Total Functional Capacity scale. The "BADS" ([@B93]) was included in the protocol as a more close to daily-life like situations traditional executive tool ([@B94]; [@B48]). Importantly, to our knowledge, BADS has been scarcely used with HD patients ([@B47]), with no reports in premanifest HD found, and this is the first time IAFAI was used with HD affected individuals.

Finally, the conventional neuropsychological battery, composed by a set of widely known executive tests, was used as a description of the executive status of the premanifest and early manifest HD participants enrolled in this study. The tests included in this battery were chosen because they were proven to be sensitive to basal ganglia damage and HD earliest cognitive changes ([@B36]; [@B54]; [@B38]; [@B20]). Moreover, these tests are extensively used in clinical settings (some are part of the cognitive section of the main standardized HD assessment scale, the Unified Huntington's Disease Rating Scale -- [@B32]) and in large multinational longitudinal observational studies \[e.g., Registry Study ([@B6]); TRACK-HD ([@B82]); PREDICT-HD ([@B56]); HD-CAB ([@B79])\]. Finally, the executive sub-domains assessed by these tests are thought to correspond to the executive sub-domains involved in EcoKitchen task performance and, thus, we expected performance in both components of our study protocol to be correlated, helping us to describe the cognitive skills elicited by the EcoKitchen.

In summary, this study aimed to test EcoKitchen as a new performance-based tool to detect the earliest signs of executive and functional changes in HD prior to the onset of clinical symptoms and overcome the limitations often posed by the traditional assessment methods.

Materials and Methods {#s1}
=====================

Participants
------------

A total of 15 Early Manifest Hutington's disease participants (HD), 15 Premanifest Huntington's disease participants (HP), and 19 Control participants (CTRL) completed the four protocol components and entered the data analysis, after the exclusion of one HD and one CTRL participants for presenting a score in the "Montreal Cognitive Assessment (MoCA)" ([@B44]; [@B23]) below the established cut-off for their age and education level. Due to time constraints, two CTRL participants did not complete IAFAI.

HD and HP participants were recruited from the Movement Disorders Unit of the Neurological Department of Coimbra University Hospital. All but three CTRL participants were gene negative or non-at-risk relatives of the HD affected participants. All subjects gave written informed consent in accordance with the Declaration of Helsinki to participate in the study approved by our Institutional Ethics Committees (Faculty of Medicine and Coimbra University Hospital).

The participants were assigned to one of three groups according to the following criteria:

1.  Early Manifest HD (HD): patients with mild HD symptoms -- stages I--II ([@B69]), that had a UHDRS Total Functional Capacity scale of 10--13 and a positive HD genetic test result which confirms a CAG length of ≥36 (*n* = 15).

2.  Premanifest HD (HP): participants that showed no clinical symptoms of HD, that had a UHDRS Total Motor score ≤5 and a positive HD genetic test result which confirms a CAG length of ≥36 (*n* = 15).

    Exclusion criteria for the clinical groups included dementia, severe depression, history of substance abuse, and any other neurological condition.

3.  Controls (CTRL): healthy participants, with no history of dementia, depression, substance abuse, any neurological and/or psychiatric condition and no current use of psychotropic medication (*n* = 19).

The clinical groups were assessed by an experienced neurologist using the "Unified Huntington's Disease Rating Scale" (UHDRS) -- Motor and Total Functional Capacity scales ([@B32]). The UHDRS Total Motor score can range from 0 to 124 and higher scores indicate increased severity of motor symptoms. The UHDRS Total Functional Capacity scale can range from 0 to 13 -- lower scores indicate increased disability. Disease duration was defined for each early manifest HD participant as the number of years since HD clinical diagnosis. Langbehn's formula ([@B35]) was used to calculate the estimated time (in number of years) to disease onset of the HP participants, although no further classification of the premanifest participants was done according to this parameter. Information about the CAG repeat number was collected for both clinical groups.

To avoid cognitive confounds, we used MoCA ([@B44]; [@B23]) as a mild cognitive impairment and dementia screening tool and excluded any subjects that were below the expected score on this test. The "Beck Depression Inventory-II" ([@B9]; [@B14]) was used as a neuropsychiatric measure and also as an exclusion criterion if moderate to severe depressive symptoms were signaled. The "Irregular Word Reading Test (TeLPI)" ([@B3]) was administered to provide an estimate of the level of premorbid intelligence of all the participants. The "Edinburgh Handedness Inventory" ([@B52]) was used to define subject's handedness.

The demographic characteristics of the three groups are presented in [Table 1](#T1){ref-type="table"}.

###### 

Demographic characteristics with Kruskal--Wallis and Mann--Whitney comparisons across groups.

                             CTRL = 19                HP = 15                  HD = 15                  K--W        M--W      M--W      M--W
  -------------------------- ------------------------ ------------------------ ------------------------ ----------- --------- --------- -----------
  Age (years)                41                       36                       46                       6.075^∗^    95        112.5     56 \#
                             (12; 25--57)             (16; 22--52)             (6; 25--69)              (0.048)     (0.099)   (0.297)   (0.019)
  Education (years)          11                       14                       9                        6.582^∗^    111       95        53.5 \#
                             (7; 6--17)               (7; 6--17)               (6; 6--16)               (0.037)     (0.270)   (0.095)   (0.013)
  CAG                        --                       42                       43                       --          --        --        97.5
                                                      (5; 39--49)              (2; 38--50)                                              (0.529)
  Disease duration (years)   --                       --                       5                        --          --        --        --
                                                                               (6; 1--10)                                               
  Years to HD onset          --                       16.46                    --                       --          --        --        --
                                                      (10.43; 7.37--43.34)                                                              
  UHDRS -- TFC               --                       13                       12                       --          --        --        45 \#
                                                      (0; 13--13)              (2; 10--13)                                              (0.001)
  UHDRS -- Motor             --                       0                        24                       --          --        --        1 \#
                                                      (3; 0--5)                (20; 5--44)                                              (\<0.001)
  MoCA                       26                       27                       23                       10.218^∗^   119       67 ¥      45 \#
                             (4; 22--30)              (4; 21--30)              (4; 18--29)              (0.006)     (0.411)   (0.008)   (0.005)
  BDI-II                     3                        6                        17                       8.715^∗^    121.5     62 ¥      61 \#
                             (4; 0--24)               (9; 0--23)               (17; 0--23)              (0.013)     (0.464)   (0.005)   (0.032)
  TeLPI (QIEC)               113.54                   116.60                   103.18                   8.303^∗^    116.5     78.5 ¥    49 \#
                             (15.35; 67.44--125.82)   (13.05; 91.64--126.09)   (19.98; 84.72--121.98)   (0.016)     (0.367)   (0.026)   (0.008)
  TeLPI (QIV)                114.83                   117.88                   103.28                   8.592^∗^    117.5     79.5 ¥    46 \#
                             (15.89; 71.76--127.67)   (14.31; 94.31--127.67)   (19.68; 87.01--123.88)   (0.014)     (0.385)   (0.029)   (0.006)
  TeLPI (QIR)                109.72                   111.72                   102.51                   8.230^∗^    118.5     78.5 ¥    49 \#
                             (11.25; 70.58--118.91)   (9.19; 91.16--118.91)    (16.45; 84.98--115.82)   (0.016)     (0.405)   (0.026)   (0.008)
                                                                                                                                        

CTRL, control; HP, premanifest HD; HD, early manifest HD; IQR, interquartile range; min--max, minimum and maximum scores (range); K--W, Kruskal--Wallis; M--W, Mann--Whitney; CAG, CAG repeat expansion confirmed by a genetic test; Disease duration, years since HD clinical diagnosis (only computed for HD); years to HD onset, years to estimated HD clinical diagnosis according to Langbehn's formula (only computed for HP); UHDRS -- TFC, Total Functional Capacity scale of the Unified Huntington's Disease Rating Scale; UHDRS -- Motor, Motor scale of the Unified Huntington's Disease Rating Scale; MoCA, Montreal Cognitive Assessment; BDI-II, Beck Depression Inventory II; TeLPI, The Irregular Word Reading Test; QIEC, Full Scale Intelligence Quotient; QIV, Verbal Intelligence Quotient; QIR, Performance Intelligence Quotient.

∗

Significant group effect (Kruskal--Wallis, p \< 0.05).

¥

HD≠Control (Mann--Whitney, p \< 0.05);

\#

HP≠HD (Mann--Whitney, p \< 0.05).

The study protocol included four different components: EcoKitchen, IAFAI, BADS, and a conventional neuropsychological test battery.

EcoKitchen
----------

As previously mentioned, EcoKitchen is a new assessment tool created at our laboratory in order to add performance-based information to the other executive and functional measures used. EcoKitchen is a non-immersive virtual reality task that aims to objectively evaluate the cognitive and functional status of the study participants using a realistic scenario -- a computer-generated kitchen.

### EcoKitchen Design and Procedures

EcoKitchen was implemented on a desktop PC, with 23″ monitor (large screen size of 23-inch), in full screen mode (1920 × 1200). The stimuli were generated with Vizard (WorldViz) Virtual Reality -- version 4.0. The participant experienced the kitchen environment from a first-hand perspective and used the computer mouse to move around the scenario.

EcoKitchen was designed as a non-immersive desktop computer task, which involves a flat-screen presentation of the virtual kitchen setting. This option in comparison with a fully immersive virtual reality display has several advantages. It is more portable than a three-dimensional environment, thus facilitating assessment in clinical settings ([@B2]); it limits the risk of simulation sickness, which could pose a problem for elderly participants or clinical groups ([@B4]; [@B33]); it is more appropriate for individuals less familiarized with computers; finally, it creates very little memory demands to the study participants -- individuals did not need to navigate through the scenario, having the risk of forgetting where the requested items were.

The task included three different blocks, with an increasing executive load. Each condition was preceded by a practice block. There was also a first global practice block, to guarantee that each participant was completely familiarized with the apparatus before the assessment blocks begun -- see [Figure 1](#F1){ref-type="fig"}.

![EcoKitchen task design. EcoKitchen included three different blocks (each preceded by a practice trial), with increasing executive demands. In Block 1, the participant had to prepare a cup of coffee with milk -- Task A. In Block 2, while performing Task A, the participant had to turn off a boiling kettle that burst at several random moments. In Block 3, the participant had to perform the tasks previously described, whilst preparing toasts with butter (Task B).](fpsyg-10-00585-g001){#F1}

1.  Global Practice Block -- The participant had to explore the kitchen environment and grab a specific list of items -- all the items that he/she was going to need in the following blocks were on that list, as well as distracter items.

2.  Block 1 -- A picture list with all the items needed to prepare a cup of coffee with milk (Task A) was displayed on the upper part of the screen. The list was left in full view during the block to reduce constraints on memory. Participants were instructed to collect each item, in the order they appeared in the list, as fast and accurately as possible. They had to attend and turn off the stove as soon as and only when the clock was completely red. Participants had to plan and monitor their behavior to complete this level successfully.

3.  Block 2 -- Participants had to perform Task A, as described in the first block, while, simultaneously, paying attention and monitoring a boiling kettle that was on the stove. They were instructed to press the kettle every time and as soon as smoke came out and a red signal appeared on the right upper part of the screen, to prevent water from spilling. The kettle was set up to burst three times during the block, at random moments, so participants had to check smoke and the red signal appearance periodically. Participants had to recruit the same executive skills as before, plus divide their attention to complete this level successfully.

4.  Block 3 -- Participants had to perform the tasks described in the first and the second blocks (Task A and boiling kettle). Additionally, participants were instructed to also prepare toasts with butter (Task B). A picture list with all the items needed to prepare the second snack was displayed on the upper part of the screen. Participants were instructed to alternate between the two lists (Task A and Task B) to make sure that both tasks were completed at the same time. Participants had to apply the same skills used in the previous block, plus switch/alternate between tasks to complete this level successfully.

The interactions with the different items needed to perform the tasks were facilitated -- e.g., if the participant touched the jar, it would go automatically to the stove. This was settled not only to help the participants who globally did not have much experience with computer interaction, but also to focus on the cognitive aspects of task performance rather than on the motor coordination/control aspects -- which can be problematic in a movement disorder. EcoKitchen aimed to analyze executive functioning while minimizing the impact of computer interaction difficulties ([@B2]). To reduce memory constraints, the instructions and the lists with the requested items and actions needed to perform either Task A or Task B were left in full view during the whole block. With the same purpose, there were no closed cabinets or drawers in EcoKitchen, all items were on full display. Finally, to increase the realism of the task (and thus its ecological validity), known commercial brands were used to depict the foods and beverages included in the kitchen setting.

### EcoKitchen Data Analysis

Several parameters were defined for the analysis of the EcoKitchen performance of each participant, considering Time and Error variables. Although the performance of tasks that simulate daily-life routines requires a plethora of cognitive functions and executive sub-domains that are difficult to disentangle, we have added some information about the executive functions that, in our view, are reflected by each EcoKitchen parameter.

1.  • Performance Time Task A -- The time the participant was engaged in the preparation of a cup of coffee with milk (time elapsed from the moment the first item of the list was picked to the moment the last item of the list was picked and used). This parameter reflects psychomotor and processing speed, planning, and motor time.

2.  • Performance Time Task B -- The time the participant was engaged in the preparation of toasts with butter (time elapsed from the moment the first item of the list was picked to the moment the last item of the list was picked and used). This parameter reflects the same executive domains as Performance Time Task A, plus task switching.

3.  • Reaction Time Stove -- The amount of time the participant took to react and turn off the stove once the clock was completely red (which was the cue for the behavior to take place and for the participant to initiate the response). This parameter gives indications about behavior monitoring, response initiation, divided attention, and set-shifting.

4.  • Reaction Time Kettle -- The amount of time the participant took to react and turn off the kettle once smoke appeared and a red signal blinked in the right upper part of the computer screen (which were the cues for the behavior to take place and for the participant to initiate the response). This parameter reflects divided attention, sustained alertness, response initiation, and set-shifting.

5.  • Reaction Time Toaster -- The amount of time the participant took to react and turn off the toaster once the clock was completely red (which was the cue for the behavior to take place and for the participant to initiate the response). This parameter gives indications about the same executive domains tackled by Reaction Time Stove, plus task switching.

6.  • Reaction Time per Block -- The mean of the different reaction times extracted from each EcoKitchen block. This parameter reflects all the executive sub-domains involved in the different reaction times to specific cues.

7.  • Sequencing Errors -- The number of times the participant failed to follow the proper sequence of the task (e.g., tried to mix the coffee with the spoon before adding the milk). This parameter reflects planning, behavior monitoring, and working memory.

8.  • Item Errors -- The number of times the participant picked items of the EcoKitchen scenario that were not needed to prepare either Task A or Task B (e.g., selected a pineapple instead of coffee). This parameter reflects attention and behavior monitoring.

9.  • Impulsivity Errors Stove -- The number of times the participant tried to turn off the stove before the proper time (before the clock being completely red). This parameter reflects response inhibition or inhibitory control, and attention.

10. • Impulsivity Errors Toaster -- The number of times the participant tried to turn off the toaster before the proper time (before the clock being completely red). This parameter reflects the same executive sub-domains involved in Impulsivity Errors Stove, plus task switching.

11. • Total Errors/Performance Time Task A -- The number of errors per minute the participant did during the completion of Task A (cup of coffee with milk). This parameter gives indication about the speed--accuracy balance in task completion.
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×
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1.  • Total Errors/Performance Time Task B -- The number of errors per minute the participant did during the completion of Task B (toasts with butter). This parameter gives the same indication as the previous one, plus indication about task switching abilities.
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IAFAI -- The Adults and Older Adults Functional Assessment Inventory
--------------------------------------------------------------------

We have used "IAFAI" ([@B76]) as a verbal and subjective measure of the functional status of study participants. In IAFAI, the participant must rate his level of self-perceived difficulties in performing Basic and Instrumental Activities of Daily Living (BADL and IADL, respectively), such as bathing, using an ATM card or cooking a meal. Each activity can have a score of 0 (representing the absence of difficulty/dependence in the execution of the ADL) or a score of 1 (representing the presence of difficulty/dependence in the execution of the ADL) ([@B76]). Moreover, the participant must indicate if each of the signaled difficulties is explained by physical, cognitive, or emotional restrictions. Seven incapacity percentages were computed from IAFAI: Global Functional Incapacity (GFI), Functional Incapacity in Basic Activities of Daily Living (ABVD), Functional Incapacity in Household Instrumental Activities of Daily Living (H-IADL), Functional Incapacity in Advanced Instrumental Activities of Daily Living (A-IADL), Functional Incapacity due to Physical Factors (Physical), Functional Incapacity due to Cognitive Factors (Cognitive), and Functional Incapacity due to Emotional Factors (Emotional).

BADS -- The Behavioural Assessment of Dysexecutive Syndrome Battery
-------------------------------------------------------------------

For the executive functions assessment, we used the "BADS" ([@B93]), created by Barbara Wilson to overcome the ecological validity constraints of other traditional executive tests ([@B12], [@B13]). This battery is composed by six sub-tests, all of which imply skills and materials that try to resemble daily-life like situations. Seven variables were extracted from BADS: Total Score, Rule Shift Cards Test Score, Action Program Test Score, Key Search Test Score, Temporal Judgement Test Score, Zoo Map Test Score, and Modified Six Elements Test Score.

Neuropsychological Test Battery
-------------------------------

The conventional neuropsychological test battery used as a baseline description of the executive status of the study participants assembled several classic executive tests widely employed in clinical and research settings. The Phonemic Verbal Fluency test: three letters -- P, M, R ([@B15]) and the Semantic Verbal Fluency test -- category animals ([@B15]) were used to assess working memory, word generation and inhibition. The Stroop test -- Naming, Interference and Reading tasks ([@B81]) were used to assess cognitive flexibility and processing speed. The Symbol Digit Modalities Test ([@B73]) was used to assess working memory, attention and integration, and psychomotor speed. The Digit Span Test (Forward and Backward) of the WAIS-III -- Wechsler Adult Intelligence Scale-third edition ([@B88], [@B89]) was used to assess working memory. The Trail Making Test -- parts A and B ([@B16]) was used to assess scanning, sequencing, divided attention, psychomotor speed and cognitive flexibility. Finally, the Wisconsin Card Sorting Test ([@B28]) was used to assess abstract behavior and set-shifting. All the tests were applied in a strictly prescribed order, to avoid any interference effects or content overlapping. Twenty scores were extracted from this test battery.

Statistical Analyses
--------------------

Comparisons of quantitative variables between the three groups (HD, HP, and Controls) were performed resorting to Kruskal--Wallis tests. When statistically significant differences were detected (effect of group), *post hoc* comparisons were performed between two groups using the Mann--Whitney *U* tests. Comparisons of nominal/categorical variables between groups were performed resorting to Chi-square tests of independence. Wilcoxon-Signed rank tests were used to analyze the effects of the increasing cognitive load in the participants' performance across the three EcoKitchen blocks. Spearman rank correlation coefficients were calculated to examine the associations of EcoKitchen, the other assessment methods and HD features for the clinical groups (HP and HD). Benjamini--Hochberg corrections with false positive rate established at 0.05 were used to deal with multiple comparisons, and only the correlations that survived these corrections were mentioned in the "Results" section and further examined in the "Discussion" section. To reduce the number of pairwise correlations and enhance interpretability, in the correlation analyses, the variables related to EcoKitchen were averaged across the three Blocks. In the correlations with clinical variables, it is of note that disease duration (in years) was only considered for the early manifest HD group (*n* = 15) and estimated years to likely onset was only considered for the premanifest HD group (*n* = 15), thus reducing the sample size considered for computing the correlation coefficients in this case. Finally, given the high intra-group variability detected in the EcoKitchen performance of the early manifest HD participants (as reflected in the boxplots depicted in [Figure 2](#F2){ref-type="fig"}--[4](#F4){ref-type="fig"}), there was a possibility that the differences observed in our study were driven by just a few patients within this group. In order to test this hypothesis, we checked for outliers using the following logical conditions \[(*x*~i~ ≥ Q~3~ + 1.5 ^∗^ IQR) and (*x*~i~ ≤ Q~1~ - 1.5 ^∗^ IQR)\]. For each of the EcoKitchen variables computed there was a maximum of two outliers within the HD group. In total, six of the 15 early manifest HD patients enrolled in our study presented outlier results in at least one of the EcoKitchen computed measures, but there was no participant whose performance was identified as an outlier in all variables. Moreover, this sub-group of patients was demographically and clinically matched to the other early manifest HD participants (*p* ≥ 0.05 in all the variables displayed in [Table 1](#T1){ref-type="table"}). Lastly, no HD outliers were found on four of the EcoKitchen measures, namely, in Performance Time Task A (Block 1 and Block 2), in Reaction Time per Block (Block 3), and in Reaction Time per Cue (Stove). Kruskal--Wallis and Mann--Whitney *U* comparisons were performed as described above excluding the outliers identified in the HD group. Importantly, the statistical results were equivalent to the results obtained including all data points. As high intra-group variability reflects the phenotypic variability that is reportedly one of the key features of this disease ([@B22]; [@B87]; [@B41]), these early manifest HD outliers were considered to be clinically and scientifically relevant, and therefore we decided not to exclude them from our main analyses presented in this paper. All calculations were performed with IBM SPSS Statistics 24, adopting a level of significance of α = 0.05.

![EcoKitchen Number of Total Errors per minute of Performance Time Task A and Number of Total Errors per minute of Performance Time Task B (mean) and significant differences between groups. Boxplots: central mark -- median; edges of box -- 25th and 75th percentiles; whiskers -- most extreme data points (minimum and maximum). ^Φ^HP≠Control (Mann--Whitney, *p* \< 0.05); ^¥^HD≠Control (Mann--Whitney, *p* \< 0.05).](fpsyg-10-00585-g002){#F2}

![EcoKitchen Performance Time Task A **(A)** and Performance Time Task B **(B)** and significant differences between groups. Boxplots: central mark -- median; edges of box -- 25th and 75th percentiles; whiskers -- most extreme data points (minimum and maximum). ^¥^HD≠Control (Mann--Whitney, *p* \< 0.05); ^\#^HD ≠ HP (Mann--Whitney, *p* \< 0.05).](fpsyg-10-00585-g003){#F3}

![EcoKitchen Reaction Time per Block **(A)** and Reaction Time per Cue **(B)** -- Stove, Kettle, and Toaster (mean of the three blocks) and significant differences between groups. Boxplots: central mark -- median; edges of box -- 25th and 75th percentiles; whiskers -- most extreme data points (minimum and maximum). ^¥^HD≠Control (Mann--Whitney, *p* \< 0.05); ^\#^HD≠HP (Mann--Whitney, *p* \< 0.05).](fpsyg-10-00585-g004){#F4}

Results
=======

EcoKitchen
----------

The several time and error variables extracted from the participants' performance in the EcoKitchen task gave us important indications about how well HD affected individuals could perform executively demanding tasks similar to daily-life routines and, thus, about their functional status. Moreover, the analysis of the EcoKitchen data gave us relevant information about the impact of increasing executive load on the behavior of clinical and healthy populations. We defined three main categories for the EcoKitchen data analysis: accuracy, time, and cognitive load. Only significant results are reported.

### EcoKitchen Accuracy Measures

#### EcoKitchen errors

We computed three types of errors from the EcoKitchen performance data -- sequencing errors (participant failed to follow the proper sequence of the task), item errors (participant picked items not needed to complete the task), and impulsivity errors (participant turned off the stove or toaster before the proper time). Sequencing errors reflected difficulties in the planning and monitoring of actions. We found a significant group effect for the percentage of participants with sequencing errors in Block 1 and Block 3 of EcoKitchen \[(χ^2^(2) = 13.253, *p* = 0.001) and (χ^2^(2) = 8.964, *p* = 0.011), respectively\] -- see [Table 2](#T2){ref-type="table"}. Interestingly, *post hoc* tests comparing the different groups revealed that a significantly higher percentage of HP participants than controls failed to plan and correctly sequence their actions, but only in the more executive challenging EcoKitchen Block 3 \[χ^2^(1) = 4.437, *p* = 0.035\]. The early manifest HD group also showed more sequencing errors than controls in Block 1 and Block 3 \[χ^2^(1) = 9.188, *p* = 0.002, and χ^2^(1) = 6.689, *p* = 0.010, respectively\], and was also worse than HP participants in Block 1 \[χ^2^(1) = 8.889, *p* = 0.003\]. We also found a significant group effect in terms of impulsivity errors in Block 3 of EcoKitchen \[χ^2^(2) = 12.621, *p* = 0.002\]. This might reflect deficits in inhibitory control and increased impulsivity in the early manifest HD group, as a higher percentage of HD than CTRL and HP participants tried to stop the stove before the proper time in the more cognitively demanding EcoKitchen condition \[(χ^2^(1) = 7.425, *p* = 0.006) and (χ^2^(1) = 6.000, *p* = 0.014), respectively\].

###### 

Percentage of participants that had a score ≠ 0 in the Sequencing, Item and Impulsivity Error Variables of the EcoKitchen Task.

                                CTRL   HP     HD                                           
  ----------------------------- ------ ------ ------ ------ ----- -------- ---------- ---- ----------
  Sequencing Errors             15.8   26.3   52.6   13.3   20    86.7 Φ   66.7 ¥\#   40   93.3 ¥
  Item Errors                   0      0      5.3    6.7    6.7   20       6.7        20   13.3
  Impulsivity Errors -- Stove   10.5   5.3    0      6.7    6.7   0        13.3       20   33.3 ¥\#
                                                                                           

CTRL, control; HP, premanifest HD; HD, early manifest HD.

Φ

HP≠Control (Chi-square test for independence -- p \< 0.05);

¥

HD≠Control (Chi-square test for independence -- p \< 0.05);

\#

HD≠HP (Chi-square test for independence -- p \< 0.05).

#### EcoKitchen errors/time

We calculated the number of errors per minute as a measure of speed--accuracy trade-off in each group of participants. We found a significant group effect in the number of errors per minute during the preparation of a cup of coffee with milk \[χ^2^(2) = 8.174, *p* = 0.017\] -- see [Figure 2](#F2){ref-type="fig"}. Importantly, in the *post hoc* tests, HP participants showed a decrease in the quality of their task performance, committing more errors per minute during Task A than controls (*U* = 86, *p* = 0.048). The early manifest HD patients also showed a diminished quality of their task performance, as they presented a higher number of sequencing, item and impulsivity errors per minute than controls during both Task A and Task B completion (*U* = 65.5, *p* = 0.007 and *U* = 80.5, *p* = 0.029, respectively).

### EcoKitchen Time Measures

#### EcoKitchen performance time

We analyzed and compared the time it took the participants from the three groups to prepare a cup of coffee with milk (Task A) and toasts with butter (Task B), to see whether group differences would emerge. We found a statistically significant group effect in Task A and Task B performance times in all EcoKitchen conditions \[Task A: Block 1 -- χ^2^(2) = 21.972, *p* \< 0.001; Block 2 -- χ^2^(2) = 12.512, *p* = 0.002; Block 3 -- χ^2^(2) = 13.959, *p* = 0.001; Task B: χ^2^(2) = 16.475, *p* \< 0.001\] -- see [Figure 3](#F3){ref-type="fig"}. Notably, we found no differences between HP and control participants in total task time suggesting that the motor and cognitive times of premanifest individuals were not affected. In contrast, we found that early manifest HD patients already displayed a motor and cognitive slowness that influenced their timely performance both in single and multitasking conditions, as they were slower compared to controls \[Task A: Block 1 -- *U* = 25, *p* \< 0.001; Block 2 -- *U* = 46, *p* = 0.001; Block 3 -- *U* = 46, *p* = 0.001; Task B: *U* = 41, *p* \< 0.001\], and to premanifest participants \[Task A: Block 1 -- *U* = 14, *p* \< 0.001; Block 2 -- *U* = 46, *p* = 0.006; Block 3 -- *U* = 38, *p* = 0.002; Task B: *U* = 27, *p* \< 0.001\] across all EcoKitchen Blocks and Tasks.

#### EcoKitchen reaction time

We analyzed the amount of time participants took to react to the different cues included in the EcoKitchen scenario (stove, kettle, and toaster). These reaction time measures reflect cognitive functions like response initiation, monitoring, divided attention, set-shifting and task switching skills. The average reaction time across the different cues presented a significant group effect in the more demanding EcoKitchen Blocks 2 and 3 \[χ^2^(2) = 13.680, *p* = 0.001 and χ^2^(2) = 7.727, *p* = 0.021, respectively\] -- see [Figure 4](#F4){ref-type="fig"}. No differences were found between the HP and CTRL groups. Reversely, HD patients took longer than CTRL and HP participants to react to the target stimuli while engaged in a primary task, even when prompt action indications were given. We found that the HD group was significantly slower than CTRL and HP participants in Blocks 2 and 3 (*U* = 38.5, *p* \< 0.001 and *U* = 68, *p* = 0.010; *U* = 48, *p* = 0.007 and *U* = 60.5, *p* = 0.031, respectively). When considering the EcoKitchen cues separately, again a significant group effect was found in the reaction times to turn off the stove and to turn off the boiling kettle \[χ^2^(2) = 9.152, *p* = 0.010 and χ^2^(2) = 14.458, *p* = 0.001, respectively\]. HD patients showed a slower response initiation to attend the stove and the kettle than controls (*U* = 59, *p* = 0.004 and *U* = 51, *p* = 0.002, respectively), and were also slower than HP participants to react to the kettle (*U* = 33, *p* = 0.001). Interestingly, there was a trend for the HP group to be slower to turn off the stove than controls (*U* = 86.5, *p* = 0.052), although this did not reach statistical significance.

### EcoKitchen Cognitive Load

Next, we analyzed the effects of increasing cognitive load in the participants' performance across the three EcoKitchen blocks to see whether the behavior of study participants reflected the impact of the task executive demands. The incremental complexity of EcoKitchen had a negative impact in performance accuracy, as we found a significant increase in the percentage of participants that failed to follow the proper sequence of the task in Block 3 compared to Blocks 1 and 2 (*Z* = -4.690, *p* \< 0.001 and *Z* = -4.271, *p* \< 0.001, respectively). This was paralleled by an increase in the number of errors per minute during the completion of Task A in Block 3 compared to Blocks 1 and 2 (*Z* = -5.077, *p* \< 0.001 and *Z* = -3.972, *p* \< 0.001, respectively). The increasing cognitive demands of EcoKitchen also had a negative impact in terms of timing measures, as the time participants devoted to Task A in Block 3 was significantly higher than in Block 1 and Block 2 (*Z* = -5.287, *p* \< 0.001, *Z* = -5.217, *p* \< 0.001, respectively). Finally, the reaction time to the stove cue also reflected the EcoKitchen increasing complexity, as it was significantly higher in Block 3 compared to Blocks 1 and 2 (*Z* = -3831, *p* \< 0.001 and *Z* = -4.153, *p* \< 0.001, respectively).

IAFAI -- The Adults and Older Adults Functional Assessment Inventory
--------------------------------------------------------------------

The IAFAI results gave us relevant information about the self-reported functional status of study participants and about the insight the clinical groups have about their ability to perform different daily-life tasks. We found that a higher percentage of early manifest HD patients than CTRL and HP participants report difficulties in the performance of both BADL and IADL -- see [Table 3](#T3){ref-type="table"}. Namely, a significantly higher percentage of HD than CTRL and HP participants signaled functional difficulties in basic activities of daily living, in household IADL, and in advanced IADL. Furthermore, a significantly higher percentage of HD than CTRL and HP participants attributed the cause of the experienced functional difficulties to physical, cognitive, and emotional factors. These results suggest that early manifest HD patients have insight about the deficits they experience when performing simple and complex daily-life tasks, as well as about the factors that might be causing these deficits. Importantly, HP and CTRL individuals rated themselves equally capable, with no statistically significant differences between the two groups on any of the variables extracted from IAFAI. Thus, HP participants are not aware of functional changes in their daily routines, perceiving their everyday performance at the control level and reporting significantly less difficulties than HD participants in all of the IAFAI measures considered.

###### 

Percentage of participants that had a score ≠ 0 in IAFAI (The Adults and Older Adults Functional Assessment Inventory).

                                                  Chi-square   Chi-square   Chi-square
  -------------------------- ------ ------ ------ ------------ ------------ ------------
  Global Functional          17.6   26.7   93.3   0.379        18.331 ¥     13.889 \#
  Incapacity                                      (0.538)      (\<0.001)    (\<0.001)
  Functional Incapacity      0      20     80     3.752        21.760 ¥     10.800 \#
  in Basic ADL                                    (0.053)      (\<0.001)    (0.001)
  Functional Incapacity      0      13.3   93.3   2.418        28.207 ¥     19.286 \#
  in Household IADL                               (0.120)      (\<0.001)    (\<0.001)
  Functional Incapacity      17.6   13.3   80     0.112        12.441 ¥     13.393 \#
  in Advanced IADL                                (0.737)      (\<0.001)    (\<0.001)
  Functional Incapacity --   0      20     80     3.752        21.760 ¥     10.800 \#
  Physical Factors                                (0.053)      (\<0.001)    (0.001)
  Functional Incapacity --   11.8   13.3   93.3   0.018        21.208 ¥     19.286 \#
  Cognitive Factors                               (0.893)      (\<0.001)    (\<0.001)
  Functional Incapacity --   11.8   13.3   60     0.018        8.219 ¥      7.033 \#
  Emotional Factors                               (0.893)      (0.004)      (0.008)
                                                                            

CTRL, control; HP, premanifest HD; HD, early manifest HD; IAFAI, the Adults and Older Adults Functional Assessment Inventory; BADL, Basic Activities of Daily Living; IADL, Instrumental Activities of Daily Living.

¥

HD≠Control (Chi-square test for independence -- p \< 0.05);

\#

HD≠HP (Chi-square test for independence -- p \< 0.05).

BADS -- The Behavioural Assessment of Dysexecutive Syndrome Battery
-------------------------------------------------------------------

The BADS results were important to determine if a neuropsychological test battery with higher ecological validity than conventional executive tests could be better at differentiating the clinical and control groups. We found a statistically significant group effect in the Total Score and in several of the subtests that comprise it, namely in the Rule Shift Cards Test, the Action Program Test, and the Zoo Map Test -- see [Table 4](#T4){ref-type="table"}. Early manifest HD patients presented lower scores when compared to controls and premanifest participants in all these subtests. Notably, HP and CTRL participants presented similar scores in all the computed BADS measures, which suggests that even with tasks that try to simulate daily-life executive demands, the HP group did not differ from CTRL participants.

###### 

BADS (the Behavioural Assessment of Dysexecutive Syndrome battery) results with Kruskal--Wallis and Mann--Whitney comparisons across groups.

                                                                                    M--W      M--W        M--W
  ---------------------------- ------------- ------------- ------------ ----------- --------- ----------- ---------
  Total                        17            18            12           16.985^∗^   130       31 ¥        36 \#
                               (3; 13--22)   (6; 12--21)   (5; 9--18)   (\<0.001)   (0.662)   (\<0.001)   (0.001)
  Rule Shift Cards Test        4             4             3            9.676^∗^    140       76 ¥        50 \#
                               (1; 1--4)     (1; 3--4)     (2; 0--4)    (0.008)     (0.916)   (0.013)     (0.005)
  Action Program Test          4             4             3            11.069^∗^   129       69 ¥        66 \#
                               (0; 2--4)     (0; 0--4)     (2; 1--4)    (0.004)     (0.447)   (0.002)     (0.029)
  Key Search Test              3             2             2            5.110       97.5      82.5 ¥      102.5
                               (2; 0--4)     (2; 0--4)     (2; 0--4)    (0.078)     (0.106)   (0.032)     (0.669)
  Temporal Judgement Test      2             1             1            3.284       101       103.5       105
                               (1; 0--3)     (1; 0--3)     (1; 0--2)    (0.194)     (0.123)   (0.137)     (0.731)
  Zoo Map Test                 2             3             1            10.632^∗^   103       74 ¥        44 \#
                               (2; 0--4)     (2; 0--4)     (2; 0--3)    (0.005)     (0.159)   (0.014)     (0.004)
  Modified Six Elements Test   4             4             3            4.656       139.5     91.5        72.5
                               (1; 1--4)     (1; 2--4)     (2; 0--4)    (0.097)     (0.906)   (0.056)     (0.073)
                                                                                                          

CTRL, control; HP, premanifest HD; HD, early manifest HD; IQR, interquartile range; min--max, minimum and maximum scores (range); BADS, The Behavioural Assessment of Dysexecutive Syndrome battery; K--W, Kruskal--Wallis; M--W, Mann--Whitney.

∗

Significant group effect (Kruskal--Wallis, p \<

0.05).

¥

HD≠Control (Mann--Whitney, p

\<

0.05);

\#

HD≠HP (Mann--Whitney, p

\< 0.05)

Neuropsychological Test Battery
-------------------------------

The results obtained in the conventional neuropsychological tests applied gave us a comprehensive picture about the participants' cognitive status in the different executive sub-domains tapped by this battery. We observed a statistically significant group effect in several of the executive measures applied, namely in the Phonemic Verbal Fluency -- PMR total correct, letter P and letter R correct scores; the Stroop Word Reading, Color Naming and Interference tests; the Semantic Verbal Fluency -- total correct; the Symbol Digit Modalities Test -- total correct; the Digit Span Test -- backward and total scores; the Trail Making Test A and B time measures; and the Wisconsin Card Sorting Test -- percentage of errors -- see [Table 5](#T5){ref-type="table"}. The *post hoc* analyses showed us that the early manifest HD patients presented deficits in most of the tests applied when compared to control participants, namely in the Phonemic Verbal Fluency -- PMR total correct, the Stroop Word Reading, Color Naming and Interference tests, the Semantic Verbal Fluency -- total correct, the Symbol Digit Modalities Test -- total correct, the Digit Span Test -- backward and total scores, the Trail Making Test A and B time measures, and the Wisconsin Card Sorting Test -- percentage of errors and perseverative errors. Statistically significant differences were also found between the HD and HP conventional executive test profiles, namely in the Phonemic Verbal Fluency -- PMR total, letter P and letter R; the Stroop Word Reading, Color Naming and Interference tests; the Semantic Verbal Fluency -- total correct; the Symbol Digit Modalities Test -- total correct; the Digit Span Test -- forward, backward and total scores, and the Trail Making Test A and B time measures.

###### 

Neuropsychological Test Battery results with Kruskal--Wallis and Mann--Whitney comparisons across groups.

                                                                                                                             M--W      M--W        M--W
  ----------------------------------------- ---------------------- -------------------- ------------------------ ----------- --------- ----------- -----------
  Phonemic Verbal Fluency -- PMR correct    29                     35                   23                       7.634^∗^    115       84.5 ¥      50 \#
                                            (21; 13--59)           (17; 18--59)         (20; 11--46)             (0.022)     (0.340)   (0.044)     (0.009)
  Phonemic Verbal Fluency -- P correct      12                     13                   8                        7.673^∗^    109       92.5        47 \#
                                            (9; 5--24)             (6; 6--23)           (7; 1--18)               (0.022)     (0.243)   (0.082)     (0.006)
  Phonemic Verbal Fluency -- M correct      9                      12                   7                        4.383       129       92.5        68
                                            (8; 4--19)             (4; 5--19)           (8; 2--15)               (0.112)     (0.639)   (0.082)     (0.064)
  Phonemic Verbal Fluency -- R correct      10                     10                   7                        6.274^∗^    127.5     90.5        53 \#
                                            (6; 3--20)             (5; 6--19)           (6; 2--14)               (0.043)     (0.601)   (0.070)     (0.013)
  Stroop Word Reading -- correct            88                     90                   58                       20.768^∗^   128.5     22 ¥        24 \#
                                            (23; 53--118)          (21; 50--110)        (17; 20--88)             (\<0.001)   (0.627)   (\<0.001)   (\<0.001)
  Stroop Color Naming -- correct            68                     71                   45                       21.693^∗^   142       19 ¥        21.5 \#
                                            (15; 40--100)          (23; 45--90)         (10; 26--67)             (\<0.001)   (0.986)   (\<0.001)   (\<0.001)
  Stroop Interference -- correct            43                     48                   26                       26.001^∗^   90        19 ¥        9.5 \#
                                            (8; 26--62)            (7; 25--60)          (9; 10--37)              (\<0.001)   (0.068)   (\<0.001)   (\<0.001)
  Semantic Verbal Fluency -- correct        22                     20                   15                       19.954^∗^   108.5     23 ¥        32 \#
                                            (9; 12--36)            (5; 13--39)          (5; 8--19)               (\<0.001)   (0.237)   (\<0.001)   (0.001)
  Symbol Digit Modalities Test -- correct   52                     56                   30                       27.584^∗^   122       6.5 ¥       7.5 \#
                                            (12; 35--75)           (19; 30--70)         (13; 16--42)             (\<0.001)   (0.476)   (\<0.001)   (\<0.001)
  Symbol Digit Modalities Test -- errors    0                      0                    0                        1.540       115       119         112
                                            (0; 0--5)              (1; 0--2)            (1; 0--4)                (0.463)     (0.248)   (0.310)     (0.981)
  Digit Span -- forward                     8                      9                    7                        4.409       109       110         64 \#
                                            (5; 4--12)             (5; 5--14)           (2; 4--11)               (0.110)     (0.241)   (0.254)     (0.042)
  Digit Span -- backward                    5                      6                    4                        12.176^∗^   138.5     46 ¥        51 \#
                                            (2; 3--10)             (3; 3--11)           (2; 2--7)                (0.002)     (0.887)   (0.001)     (0.010)
  Digit Span -- total                       13                     15                   11                       8.329^∗^    121.5     76 ¥        50 \#
                                            (8; 7--21)             (7; 8--22)           (3; 7--17)               (0.016)     (0.464)   (0.020)     (0.009)
  Trail Making Test -- part A time          26                     24                   42                       19.098^∗^   129.5     22 ¥        32 \#
                                            (7; 14--41)            (15; 15--63)         (31; 27--74)             (\<0.001)   (0.651)   (\<0.001)   (0.001)
  Trail Making Test -- part A errors        0                      0                    0                        1.875       138.5     118.5       96.5
                                            (0; 0--1)              (0; 0--1)            (1; 0--2)                (0.392)     (0.804)   (0.209)     (0.340)
  Trail making test -- part B time          62                     58                   156                      21.389^∗^   129.5     18 ¥        24 \#
                                            (33; 36--120)          (31; 36--222)        (97; 64--366)            (\<0.001)   (0.652)   (\<0.001)   (\<0.001)
  Trail Making Test -- part B errors        0                      1                    1                        3.498       111.5     96          96
                                            (1; 0--3)              (1; 0--3)            (2; 0--3)                (0.174)     (0.223)   (0.074)     (0.469)
  WCST -- trials administered               87                     86                   94                       3.785       134.5     87.5        79.5
                                            (24; 70--128)          (55; 70--128)        (37; 73--128)            (0.151)     (0.780)   (0.056)     (0.169)
  WCST -- percentage of errors              17.24                  16.85                26.61                    6.037^∗^    121.5     69.5 ¥      79
                                            (10.16; 8.57--41.41)   (24.64; 10--52.34)   (14.78; 10.96--41--41)   (0.049)     (0.466)   (0.011)     (0.164)
  WCST -- perseverative errors              9                      11                   19                       5.592       112       74 ¥        84.5
                                            (10; 5--29)            (21; 5--51)          (21; 5--42)              (0.061)     (0.288)   (0.017)     (0.244)
                                                                                                                                                   

CTRL, control; HP, premanifest HD; HD, early manifest HD; IQR, interquartile range; min--max, minimum and maximum scores (range); K--W, Kruskal--Wallis; M--W, Mann--Whitney; WCST, Wisconsin Card Sorting Test.

∗

Significant group effect (Kruskal--Wallis, p \< 0.05).

¥

HD≠Control (Mann--Whitney, p \< 0.05);

\#

HD≠HP (Mann--Whitney, p \< 0.05).

Interestingly, HP individuals presented a similar performance to controls in all the variables extracted from this battery, showing the same executive profile as healthy participants. The results of the early manifest HD group suggest that tests with time constraints and that assess processing/psychomotor speed are more sensitive to HD executive changes. Furthermore, these results, together with BADS results, seem to indicate that the overall executive status of the HP and CTRL groups is similar, and that any subtle cognitive changes due to HD might remain undetectable with the use of these type of conventional assessment approaches (e.g., paper and pencil tests).

Correlational Analyses
----------------------

We have found that the time parameters of EcoKitchen were significantly correlated with the different measures included in the study protocol. Specifically, the time the clinical groups took to prepare the cup of coffee with milk (Performance Time Task A) and to prepare the toasts with butter (Performance Time Task B) and the time they took to react to the different EcoKitchen cues, particularly the boiling kettle (Reaction Time per Block and Reaction Time Kettle), were significantly correlated with their self-reported functional difficulties as measured by IAFAI, except for the Functional Incapacity due to Emotional Factors (all significant correlations *r*~s~ ≥ 0.46, *p* \< 0.05). Thus, the subjective perception of the clinical groups about their ability to perform basic and complex activities of daily living is associated with the time features of their objective performance in a simulated kitchen task. The EcoKitchen performance and reaction time parameters were also significantly correlated with several conventional neuropsychological tests, particularly those that had time constraints, such as the Phonemic and Semantic Verbal Fluency Tests, the Stroop Word Reading, Color Naming and Interference Tests, the Symbol Digit Modalities Test -- total correct and the Trail Making Test A and B Time measures (all significant correlations \|*r*~s~\|≥ 0.51, *p* \< 0.05). The significant correlations found between the EcoKitchen time measures and the classical neuropsychological tests shed further light on the different cognitive sub-domains involved in EcoKitchen task completion, namely cognitive flexibility, divided attention, sequencing, psychomotor/processing speed, inhibition, and working memory. Finally, the performance time and reaction time of the HP and HD groups in the EcoKitchen were significantly correlated with the Motor and Functional Capacity scores obtained in the UHDRS -- Unified Huntington's Disease Rating Scale (all significant correlations \|*r*~s~\|≥ 0.52, *p* \< 0.05), which suggests that EcoKitchen time measures capture some of the main HD clinical features, namely the motor symptoms severity, and the subjective functional status ascribed by an experienced neurologist. In contrast, no statistically significant correlations were found between the EcoKitchen accuracy parameters and the other executive and functional measures included in the study protocol, nor HD clinical features. Furthermore, no statistically significant correlations were found between any of the EcoKitchen variables and the different BADS sub-scores.

The significant associations found between EcoKitchen and the different well-established assessment methods indicate which functional areas and which executive sub-domains are captured by the time variables computed from this novel virtual tool, adding further validation and clarification about what is being measured during the performance of simulated household tasks. Moreover, the significant correlations found between EcoKitchen and HD symptom severity give important indications about the functional implications of HD clinical phenotype to daily-life like tasks.

Discussion
==========

The EcoKitchen, a novel virtual reality task that evaluates executive skills and their functional outcome using a performance-based setup, was able to distinguish between HD, HP and control participants. Notably, this novel task showed that HP individuals present diminished accuracy during the performance of daily-life like routines. This study also confirmed that early manifest HD individuals already present cognitive and functional alterations, revealed by all the assessment tools used -- EcoKitchen, IAFAI, BADS, and conventional neuropsychological tests.

The difference found between the HP and CTRL participants enrolled in this study is notable because these were high functioning (TFC median = 13) and far from estimated disease onset (Years to Onset median = 16) individuals, and measures that detect functional changes in premanifest HD populations with this clinical profile have been challenging to find ([@B19]). Nevertheless, these measures are critical to use if relevant lessons are to be drawn from research studies and clinical trials. The identification and quantification of subtle disease-related alterations in individuals that carry the abnormal gene but who do not yet meet the criteria for an HD clinical diagnosis (premanifest HD) provides a window of opportunity for interventions aimed at preventing or delaying symptom onset ([@B90]). Furthermore, reliable and accurate assessment methods that can discriminate between disease stages and record changes in the persons' performance are extremely important to clinical, research and rehabilitation settings ([@B8]).

As noted by [@B77], researchers still know very little about how people with HD perform in everyday life, as there have been no studies that examined cognitive performance in the natural setting. While relatively common in other clinical models, like Traumatic Brain Injury or Alzheimer's Disease ([@B8]; [@B95]; [@B25]; [@B2]; [@B85]), few studies have used performance-based tasks to assess function in HD. EcoKitchen was designed to assess the executive skills (like planning, sequencing, scanning, dividing attention, set-shifting or multi-tasking) involved in a routine action such as meal preparation in a controlled performance-based format. Virtual reality technology is considered pivotal to improve the knowledge about the cognitive features underlying functional disability in HD, given the constraints of conventional methods to detect subtle alterations in premanifest HD populations.

In fact, there is an ongoing debate about the low sensitivity and diminished ecological validity of the more traditional neuropsychological tests ([@B17]; [@B2]; [@B53]). Measures of executive function aim to assess a number of constructs: selective attention, inhibitory control, planning, impulsivity, problem solving, and some aspects of short-term memory ([@B53]). However, these hypothetical constructs may have little relevance to real-world behaviors ([@B13]; [@B53]), which can lead to inconsistencies as low scores on classical measures of executive function do not necessarily imply poor executive behavior in everyday life and, conversely, a good performance on classical executive measures can be accompanied by severely dysexecutive behavior in everyday life ([@B85]). While the early manifest HD patients were impaired in all the conventional executive measures used, the HP individuals enrolled in our study presented a similar performance to controls, showing the same executive profile as healthy participants. These results are in line with other studies that did not find significant cognitive differences between far from estimated onset premanifest HD individuals and controls ([@B86]; [@B20]; [@B84]; [@B6]). Moreover, no differences were found between the HP and CTRL groups in any of the BADS measures, which supports the claim that, although having higher ecological validity than classic executive tests and mimicking real-world situations ([@B13]), BADS may not be sensitive to executive impairments in relatively high functioning individuals ([@B75]). HP and CTRL groups gave similar self-reports of functional status, as assessed by IAFAI. This is in line with the description of [@B59] of a HD phase where signs and symptoms have only minor impact on the function and where, although some intra-individual decline may occur from the premorbid level of functioning, this is not usually detectable on subjective measures like TFC (or IAFAI, we add). In our study, IAFAI was unable to differentiate a group of premanifest HD participants that already display performance deficits in the EcoKitchen from healthy individuals. Furthermore, the impairments revealed by the IAFAI results of the early manifest HD group suggest that despite lack of insight being often reported in HD ([@B30]; [@B72]), the patients enrolled in our study appeared to be at least self-aware of their functional deficits. This observation is in line with previous findings that showed that in HD, and particularly in earlier stages of HD, self-awareness of functional dysfunction (impairments in the performance of activities of daily living) is better preserved than the self-awareness of the motor, cognitive or psychiatric changes associated with this clinical condition ([@B74]; [@B71]; [@B39]).

Robust differences were found between the premanifest individuals and controls in our study in the number of errors in the more cognitively demanding block of EcoKitchen, where multi-tasking, divided attention and set-shifting were required. Also, the fact that the HP group exhibited mainly sequencing errors, reveals the existence of early impairments in planning, behavior monitoring and/or working memory prior to HD clinical diagnosis. The HP participants presented a performance time similar to healthy controls, but this was done at a cost of having an increased number of errors and a trend to show slower reaction times -- which might be a reflection of the speed--accuracy trade-off that often occurs in clinical populations ([@B29]). Furthermore, the EcoKitchen performance of HP participants consubstantiates the claim of [@B92] that functional changes during the prodromal HD period may well reflect subtle changes in everyday cognitive functioning that predate a motor diagnosis of HD -- deficits were observed not in the performance time by itself (which could be linked to early changes in motor speed, for example) rather in the time to react to parallel cues, in the number of errors, and in the number of errors per minute committed, particularly in the EcoKitchen blocks with higher executive load. Thus, the cognitive and functional profile shown by the HP individuals in our study corroborates the allegation of [@B77] that the study of functional cognition (how well an individual operates cognitively in everyday life) may allow to observe the effects of HD with greater sensitivity and ecological validity than conventional cognitive and/or functional assessment methods, and that computerized assessments open new horizons for investigating that topic. Similarly to what [@B2] suggested for Alzheimer's disease patients, EcoKitchen demonstrated that virtual reality environments (ecologically valid, controlled and safe scenarios) are a promising alternative that can be used for the detection of everyday action impairments in premanifest and early manifest HD stages. Also, as [@B34] indicate, performance-based functional capacity measures do not involve subjective judgments about one's own abilities nor require informants, so they might help to reduce the burden on investigators and participants in future clinical studies. Moreover, the IAFAI and EcoKitchen results of the HP group seem to be in line with the findings of [@B46] in a study about prospective memory in HD, where a discrepancy between the participants' performance-based and self-reported function was identified. This further highlights the importance of using objective measures to assess the functional and cognitive status of premanifest HD individuals, as the self-report methods to assess function are susceptible to bias and the classic cognitive tests often lack the sensitivity to subtle executive impairments and do not inform about their relevance to everyday performance.

Importantly, the several statistically significant correlations found between EcoKitchen and the other cognitive and functional assessment measures used, as well as HD clinical features, further validate the scope and aim of this novel virtual reality task that we have created for HD affected individuals. Namely, the time variables extracted from EcoKitchen (performance time and reaction time) were significantly correlated with the other protocol components used, except for BADS, as well as with HD clinical features. These statistically significant associations showed us which of the cognitive sub-domains assessed by conventional neuropsychological tests were related to the variables computed from EcoKitchen and, thus, underlie the performance of daily-life like tasks. Our correlational analysis suggests that cognitive flexibility, speed of thinking and acting, divided and sustained attention, scanning, sequencing, and integration skills, inhibitory control and working memory are closely associated with the timely performance of household chores, specifically kitchen tasks. In our view, unraveling the cognitive architecture that frames the performance of routine tasks is extremely relevant for the planning of tailored interventions that aim to prevent, delay or rehabilitate specific functional deficits, as it allows to identify and stimulate the different cognitive sub-domains underlying the function loss. This is in line with the claim of [@B53] that virtual environments may add to an existing neuropsychological battery when attempting to make accurate predictions about a person's behavior in the real world, as they allow to measure the functional output of constructs within the complexity of a real-world environment. Furthermore, the robust correlations found between IAFAI and EcoKitchen variables signaled the existence of a high convergent validity between the two measures (both seem to assess the same construct -- function) and indicate which self-reported daily-life functional incapacities assessed by IAFAI were related to EcoKitchen's performance (both BADL and IADL were associated with the virtual performance of kitchen chores). As [@B42] state, performance-based instruments may be improved by being co-normed with subjective reports of functioning, and this study seems to support this view, as it combines subjective and objective information about the functional skills of study participants. The correlations found between the EcoKitchen parameters and HD clinical variables, such as the severity of motor symptoms and the patients' functional capacity rated by the neurologist (UHDRS -- Motor and TFC scores) gave us indications about which disease features were most strongly associated with the behavior of the HD and HP groups on this novel functional task, and corroborate the thoroughly reported increasing functional incapacity due to motor impairments associated with this condition ([@B65]; [@B64]). Finally, the lack of correlation between the error variables computed from EcoKitchen and the other assessment methods that integrated the study protocol suggests that the EcoKitchen provides additional information regarding the cognitive and functional status of HD affected individuals that is not conveyed by the other methods.

In sum, EcoKitchen has proven capable of adding a significant contribution to the detection of the earliest impairments in HD, which in turn may facilitate an improvement in the management of these deficits -- prolonging functioning at work, increasing social integration, and fostering independence in premanifest individuals ([@B59]). In our view, the several parameters computed from EcoKitchen and the way they relate to the different executive skills, to the self-reported functional incapacities and to the HD clinical symptomatology, can work as a proxy of the patients' global cognitive and functional status and be extremely relevant to the design and implementation of pharmacological and non-pharmacological approaches to tackle specific domains. Improving the quality of life of HD affected individuals and settling a solid ground for effective interventions with disease-modifying goals is one of the main aims in the HD research field. The EcoKitchen task has the potential to be included in that effort. As some authors suggest ([@B45]; [@B21]), acknowledging that the cognitive component of HD has an additional negative impact on functional capacity makes way for compensatory strategies to be implemented to offset some of the effects of cognitive decline on functional abilities. The EcoKitchen seems to be prone to be used as a rehabilitation tool or cognitive stimulation method, as it provides quantitative data that can track any subtle individual changes in the performance of simple and complex executive demanding tasks that simulate everyday-life routines. Finally, a better understanding of the dynamics between cognition and function in HD will improve the standards of care of HD affected individuals and guide the choice of outcome measures for future studies.

Limitations
-----------

Functional capacity as tackled by performance-based measures is not fully synonymous of everyday functioning ([@B42]), as observed behavior during simulated tasks may differ greatly from what the individual does spontaneously in the environment ([@B92]). Virtual reality tools often cannot fully replicate the uncertainties of everyday life nor the compensatory aids/strategies that the individual uses to obtain a successful performance ([@B40]). However, the use of virtual reality tasks in clinical research has several gains compared to real world settings, namely in terms of affordability, safety, efficiency, applicability to a wide range of conditions, and facility of data capturing and scoring, among others ([@B2]; [@B67]; [@B53]). Another possible limitation of EcoKitchen is that it might be somewhat difficult to isolate which specific executive functions are impaired and contribute to the performance deficits observed, as the three blocks involve complex tasks that rely on multiple cognitive skills. Yet, the several correlations computed between EcoKitchen and the other cognitive and functional measures, namely the conventional executive test battery, may help to clarify what is in fact being measured -- EcoKitchen was proved to be mostly related to psychomotor/processing speed, planning, attention, set-shifting and cognitive flexibility tests.

On the other hand, IAFAI was only used as a self-report functional measure due to logistic constraints. Consequently, IAFAI results might not have fully captured the participants' functional status, as lack of insight/awareness or anosognosia have been often described in HD and represent a challenge for the use of self-report assessment methods ([@B30]; [@B72]). As [@B31] claim, family member/friend/caregiver ratings can potentially provide more reliable information about patients' deficits than do patients' reports. However, other authors like [@B25] state that reliance on caregiver questionnaires to assess everyday action is also prone to bias and offers only a very gross assessment of performance. We tried to provide some additional information about the subjects' functional status using the UHDRS-TFC scores (which is a rating done by a neurologist). Furthermore, we were interested to see if there were disparities between the patients' perception about their functional status and their objective performance in EcoKitchen -- as it was the case for the HP group.

Finally, studies with larger sample sizes are needed to confirm the functionally significant executive deficits observed in HP individuals. Also, caution must be taken regarding the conclusions withdrawn from the comparisons of the two clinical groups, as differences in age and education level were detected between the HD and HP participants enrolled in our study and these variables might explain at least in part the differences observed in their performance. Moreover, future studies with other clinical conditions will further validate EcoKitchen as a sensitive assessment tool for patients with functional impairment due to executive deficits.

Conclusion
==========

We offer evidence that the EcoKitchen task is able to detect functionally significant deficits in early manifest non-demented HD patients and premanifest HD individuals. Given that this is an exploratory feasibility study, we would like to highlight several points that need to be addressed in future work to consubstantiate and expand the current findings. This new assessment tool must be validated in larger sample sizes, preferably including patients at different stages of HD severity, subdividing premanifest HD individuals into those far and close from estimated disease onset, and including other neurological conditions with similar brain driven cognitive impairments (e.g., Parkinson's disease). Longitudinal studies would be beneficial to track individual and group changes along a timeline and to see whether targeting specific executive sub-domains with cognitive rehabilitation/enhancement strategies would have a positive impact in EcoKitchen performance. Moreover, as previously mentioned, performance-based measures are not fully synonymous of everyday functioning. Thus, a study exploring the relations between EcoKitchen performance and a real-life kitchen performance (preferably at home and not in a Lab setting) would help to corroborate its ecological validity.

From a clinical perspective, given the high variability demonstrated by the HD participants in the EcoKitchen task, individual assessments are considered necessary to have a nuanced characterization of each patient and accurately predict the person's actual functional and executive status. This personalized and targeted approach is important to improve the efficacy of intervention and rehabilitation programs. In our view, the EcoKitchen can be an important asset contributing to a better understanding of the HD phenotype, clarifying the relation between cognition and daily living activities, facilitating the planning of tailored interventions, and, thus, improving the quality of life of those affected by HD.
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